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Sunday A. Adedokun* and Opeyemi C. Olojede
Department of Animal and Food Sciences, University of Kentucky, Lexington, KY, United States
Immunomodulation of the immune system by stimulating or suppressing one or both
arms, is an emerging concept driven by the understanding of the host defense system.
In particular, the gastrointestinal tract (GIT) functions not only as a site for digestion
and absorption of nutrients but also acts as a metabolic and immunological organ.
This serves as a barrier against abnormal presentation of luminal constituents, caused
by dysfunctional intestinal epithelial barrier, to the mucosal immune system. Invasion
by pathogens in the case of disease or stress or a massive influx of commensal
bacteria overcomes the defensive mechanisms, resulting in the full activation of local
dendritic cells and the expression of co-stimulatory molecules and pro-inflammatory
cytokines. A growing body of literature demonstrates the immune benefits of increasing
the intake of specific nutrients. This strategy involves formulating diets that encompass
the bioavailability and utilization of nutrients from various food sources and understanding
the dynamics of the macro and micronutrients to support all physiological functions
as well as maintaining the function of the immune cells. The nature and type of feed
ingredients may also play some roles on the integrity of the GIT of birds. Because
dietary intake or nutritional status as well as nutrient requirements may be altered as
a result of disease or stress, this may eventually alter the gut microflora and intestinal
mucosal integrity, resulting in a compromised barrier of the intestinal epithelium. The
weakening of the intestinal integrity could result in an increase in bacterial adherence
to the mucosa, bacterial translocation, susceptibility to opportunistic bacterial infection,
and mis-appropriation of nutrients. In this chapter, we will discuss the role of dietary
energy and nutrients as substrates that have the potential to influence GIT’s health and
integrity and their roles, directly or indirectly, in modulating bird’s ability to be resilient or
resist infection.
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INTRODUCTION
Being the continuation of the external environment, the function of the gastrointestinal
tract (GIT) of a bird, like any other livestock, includes protection against insults (infectious
and non-infectious), transport of ingested feed and digesta along the GIT, digestion and
absorption of nutrients and energy, secretion of endogenous materials, hosting of intestinal
microbiota, and excretion of undigested portion of the ingested feed and metabolic
waste (1). A healthy GIT will be able to efficiently carry out these functions while a
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compromised GIT may be unable to perform one or more of
these functions. Although the integrity of the GIT of a bird
depends on several factors, nutrients from diet play an important
role in the maintenance of the integrity of the intestinal mucosa
and gut microbial population (2–4). The timing of the first feed
(early placement of feed), the quality (composition and physical
texture) of the feed, as well as the quantity of the diet at an
early age could influence the integrity of the GIT of the bird
for several weeks (1, 5). In addition to the diet, efforts must
be made to eradicate or minimize factors that could weaken or
destroy the integrity of the GIT. Infectious agents such as bacteria
(Escherichia coli, Salmonella typhimurium (6), Clostridium
perfringens (7), Campylobacter etc.), intestinal parasites such as
protozoan (e.g., Eimeria species) (8) and worms (e.g., Ascaridia
galli), as well as stress arising from poor management (lack of
adequate diets and/or water as well as sub-optimal barn or cage
temperature) could compromise the integrity of the GIT (9).
Toxins frommycotoxins found in feed ingredients have also been
shown to be capable of negatively impacting intestinal integrity,
reduce performance, and in some cases lead to high mortality
(1, 10, 11).
The increasing growth of the world population and its food
economy has resulted in a shift in diet and food consumption
patterns toward animal products. Available data indicated that
the poultry industry assumes a significant proportion of this
increase in animal protein production and consumption (12, 13)
which is characterized by a global increase in the production
and consumption of poultry meat compared to other livestock
products. Accompanying this growth, the poultry industry is
faced with an enormous challenge to maintain the health
and well-being of the birds. For several decades, the use of
antimicrobial growth promoters (AGPs) and anticoccidia drugs
became an integral part of the growing poultry industry. It
was first used in non-ruminant animals’ diet around the1940s
(14). Antimicrobial growth promoters have been used either
prophylactically to prevent an infection, therapeutically to treat
an infection or sub-therapeutically as a growth promoter.
According to the Center for European Agricultural Studies
(15), a review of published studies from 1980 to 1989 showed
increased growth performance (about 4%) and improved feed
efficiency (5%) associated with the sub-therapeutic effects of
AGPs. This gives antibiotics’ use in livestock production an
economic and health advantage. Observations from early studies
on the mode of action of the growth-promoting effects of
AGPs suggested that there is an interplay between AGPs and
the gut microbiota (16–18). Coates et al. (16) observed that
by adding AGPs to conventionally raised chick diet, body
weight increased, and gut weight adjusted to constant body-
weight decreased, with an apparent thinning of the gut wall
compared to that of birds on the control diet. However, in the
germ-free chicks, the growth-promoting effect of antibiotics was
inconspicuous. Thus, several working hypotheses of the growth-
promoting effects of AGPs have been governed by its ability
to decrease competition for nutrients within the microflora
and a subsequent decrease in growth-depressing microbial
metabolites. Secondly, a thinner intestinal wall (reduced gut
size or thickness) is often associated with a loss of mucosa
cell proliferation during microbial fermentation, resulting in
enhanced nutrient digestibility as well as a decrease in the
proportion of nutrients required for gut maintenance (19,
20). However, because of the sub-therapeutic levels of AGPs
administered to farm animals (at doses less than the minimum
inhibitory concentration for most pathogens) and the diverse
gut microbiota across various animal species, another plausible
explanation has been contemplated. According to van den Broek
(21), an interaction between phagocytes, microorganisms and
the antibiotics cannot be overlooked. This is evident in how
it exerts different inhibitory functions on inflammatory cells,
chemotaxis and granuloma formation, the production of reactive
oxygen species (ROS), and proinflammatory cytokine production
(21–24). In this context, decreasing immunologic stress in
the gut, through anti-inflammatory and immunomodulatory
properties, AGPs inhibit sub-clinical infections before animals
become overtly ill reducing the metabolic cost to the innate
immune system (24). In view of this, unraveling the mechanisms
through which AGPs improve livestock health and performance,
lies in our ability to be able to piece together the role of
the different activities occurring simultaneously and directing
the host immune responses to interact with the intestinal
microbiota. While modern-day livestock has benefitted from
the use of AGPs and anti-coccidia drugs, a conundrum still
exists. The re-emergence of “superbugs” that are resistant to
chemotherapeutic treatment, poses a threat to public health. A
widespread concern of AGPs overuse in livestock farming has
resulted in its restriction and complete ban (in some cases)
in livestock feed and this has led to a pressing need for an
alternative to AGPs. This is important when evaluated from the
welfare of the animal as well as the health implications for the
consumers. The focus of this chapter is to examine the role
of dietary energy, amino acids, micronutrients, and some feed
additives in ameliorating the detrimental effects of stress to the
bird’s GIT.
BACTERIA
The most common challenge that the GIT of a bird faces is
bacterial infections. In poultry, infections from Escherichia coli,
Salmonella typhimurium, and Clostridium perfringens are some
of the most common pathogenic bacteria that are associated with
poultry production. The severity of bacteria disease will depend
on factors such as the age of the bird and the load of the pathogen
to which the bird is exposed to (feed, water, or the environment).
This could be low grade with minimal damage to the intestine
andminimal economic losses. However, in some cases, a bacterial
infection could lead to significant economic loss as a result of sick
birds and high mortality as seen in birds under severe necrotic
enteritis (25, 26). This challenge has been effectively reduced with
the inclusion of a sub-therapeutic level of AGP in the diets of
poultry. However, due to concern relating to potential resistance
to antibiotics (27) as well as consumers’ preference, the use of
AGP in poultry production is no longer desirable. Hence, there
is the need to identify a new product, which must be natural (or
organic) to replace AGP in birds’ diet.
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PROTOZOAN
In addition to the destruction or reduction in the integrity of
the GIT as a result of bacterial infection, the role of intestinal
protozoan, of the genus Eimeria, which causes coccidiosis,
has been shown to have the capacity to negatively affect
the integrity of the GIT of poultry. Eimeria species are
obligate intracellular parasites that exhibit a complex life cycle
with developmental stages alternating between the external
environment and intracellularly within the host (28, 29). While
their virulence and pathogenicities differ among species, they
cause moderate to severe intestinal lesions and induce both
humoral and cell-mediated immune response. Although the
incidence of Eimeria sp. have been drastically reduced with
appropriate vaccination and the use of anti-coccidia drugs in
the diets of poultry however, huge economic losses (more than
US$3 billion worldwide), is still being incurred annually (26, 30).
In addition to mortality that may arise from these parasites,
a significant economic loss from morbidity [as a result of a
reduction in feed intake, nutrient, and energy digestibility, and
performance; (31–34)], the destruction of the villi and crypt
(shorter and thicker villi), and a reduction in tight junction
functionality have been reported. Birds are infected when the
oocytes of the protozoan are ingested through water, feed,
or from the litter on which they are raised. The oocysts
hatch within the GIT within a few days and by day 5–7, the
effects of these parasites on the bird’s performance reaches its
peak as revealed with a significant reduction in feed intake,
oocyte shedding, and body weight gain. These parasites cause
tissue damage which typically results in partial or complete
destruction of villi and intestinal mucosa. Indeed, Eimeria
sp. infection usually opens the door to secondary infections
such as necrotic enteritis caused by Clostridium perfringens.
In addition to vaccination against coccidiosis administered on
the day of hatch, anti-coccidia drugs are added to the diets to
prevent coccidiosis, however, with the current trend of increasing
demand for organic poultry products, the use of anti-coccidia
drugs in poultry diets may soon be completely phased out. By
tapping into novel concepts to mitigate the effects of Eimeria
on gut health and function, Kim et al. (35) tested the effects
of epidermal growth factors (EGF) on gastrointestinal health.
Epidermal growth factor, a ubiquitous polypeptide, is said to
be capable of stimulating the proliferation and differentiation of
epithelial cells. While EGF did not improve growth performance,
they observed an improved expression of genes for nutrient
transporters and tight junction proteins in Eimeria challenged
birds (35), suggesting a cellular proliferation and rejuvenation of
intestinal cells to replace damaged enterocytes during infection
and inflammation. Application of molecular methods (genomics
and proteomics) to provide mechanistic information on stress-
induced underpinning lesions, produced in the GIT will be
important in defining the role of growth factors, inflammatory
cytokines, and regulatory factors in cellular proliferation,
morphogenesis and tissue repair of intestinal integrity.
WORMS
Consumers of poultry products have enjoyed the supplies of
healthy and wholesome meat and eggs for several decades. This
is as a result of adequate veterinary care through careful use of
appropriate medications to prevent or treat poultry disease(s).
With an increase in demand for poultry products, especially
eggs, from birds that are raised “naturally” by the consumer
(including organic products), birds are increasingly being raised
outdoors on pastures. This situation has led to an increase in
the incidence of intestinal parasitic infections, especially by GIT
helminths including nematodes and cestodes. These incidences
are common in laying hens compared to broilers and this
could be explained by the fact that laying hens live much
longer that broiler chickens, hence they are at a higher risk of
worm infection. With increasing number of organic farms being
operated to cater for consumers’ need for eggs from organic
flocks of laying hen, the prevalence of Ascaridia galli is likely to
increase (36). In addition to the high risk of contamination of
poultry products (meat and eggs) with eggs from parasitic worms,
the possibility of some of these worms finding their way into
poultry eggs exists. Although there are currently data on some
natural products [bioactive compound from herbs, botanicals,
essential oils, and oleoresins (37)], it is extremely difficult to
replicate the results from some of these studies due to factors
that include experimental design, lack of enough methodological
details, how the worms and eggs were treated prior to being
used in the study etc. as discussed in the later part of this
chapter. Additionally, the difficulty of extraction of the bioactive
compound from these potential products as well as information
on dose recommendation for optimal use in poultry is scarce and
inconsistent.
STRESS
Stress is another factor that could predispose poultry to enteric
disease including leaky gut and GIT enteritis. Stress could be
caused by several factors including environmental (sub-optimal
temperature), dietary (feed deprivation, unbalanced diet, sub-
optimal feed, and ingredient quality, etc.), vaccination- and
medication-induced stress, microflora imbalance induced stress,
as well as stress as a result of pathogen or parasitic load
(bacteria, protozoan, or intestinal worms). Although almost all
of these could reduce the protective capability of the gut, the
mechanism through which this occurs are different and hence,
would require different approaches in evaluating the efficacy of
an alternative product to combat this challenge. Stress to the
normal functioning of the GIT will result in the disruption of
the balance between the production and elimination of the ROS
(38). The high level of ROS in the intestinal cells will result in the
destruction of the polyunsaturated fatty acids in the membrane
of cells leading to the production of peroxides which could
eventually lead to the production of malondialdehyde (MDA)
which has been implicated in the gradual destruction of the
integrity of the cell membrane. The effect ofMDAon the integrity
of the GIT cell membrane includes nutrient malabsorption,
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morbidity, or mortality. A compromised intestinal epithelium
creates a good opportunity for opportunistic pathogens to
cause an infection. In addition to this, dietary deficiencies in
certain nutrients can increase the stress-induced susceptibility of
poultry to oxidative stress (38–40). Loss of intestinal integrity
and functionality will lead to malabsorption, a decrease in
performance, bacterial translocation, product (meat and egg)
contamination, morbidity, and in some cases death. The outcome
of this is an economic loss to the producer.
GUT MICROBIOME AND ASSOCIATED
IMMUNE SYSTEM
From birth to death, mucosal surface (including the skin,
the GIT, etc.) of virtually all vertebrates are colonized
by a vast array of complex and dynamic populations of
microorganisms. Nobel laureate Joshua Lederberg suggested
using the term “microbiome” when describing the collective
genome of indigenous microbes (microflora) in the GIT
(41). This microflora is composed mostly of bacteria, and
to different degrees archaea, viruses, fungi, and protozoa.
The GIT harbors the largest population of these organisms
with over 640 different species of bacteria and more than
20 different hormones (42). These are continuously exposed
to different antigens, which can be either pathogenic or
nonpathogenic such as foods and commensal organisms. The list
of beneficial functions attributed to intestinal bacteria continues
to grow and includes nutrient processing, regulation of intestinal
angiogenesis, development of gut-associated lymphoid tissue
(GALT), induction of oral tolerance, mucosal immunity, and
diversification of the pre-immune antibody repertoire (43). The
relationship between the intestinal microbiota and the host is
tightly regulated and reflects co-evolution among the inhabiting
microbes, genetic, immune, and metabolic interactions with
the host, and environmental influences (44). Although, the
mechanisms that maintain intestinal homeostasis are just now
becoming clear, evidence particularly from studies of rodents
and humans has enabled the unraveling of the balance that
exists between the host and its microbiota. According to
Hooper and Gordon (41), these interactions can be viewed
in terms of a continuum between symbiosis, commensalism,
and pathogenicity. In this case, there is a fine line in the
relationship between the host and microorganism from when
it becomes beneficial, neutral, or detrimental to the host. This
is evident in cases of intestinal epithelium damage where an
opportunistic invasion of host tissue by resident bacteria can
pose a serious health consequence including inflammation and
sepsis. Accordingly, GALT develops in a manner that allows non-
pathogenic substances, such as commensal bacteria, to survive
and enables tolerance to food antigens while protecting the
host from pathogenic organisms and other potentially toxic
substances.
One of the main characteristics of the gut is to be sufficiently
permeable to support efficient absorption of nutrients, it must
avoid potentially damaging immune responses to dietary proteins
and commensals. This dynamic and reciprocal interactions
between the microflora, intestinal epithelium, and the immune
system can be targeted to improve gut health. We know that the
immune system has evolved adaptations that work together to
contain the microbiota and preserve the symbiotic relationship
between host and microbiota, ultimately protecting the host
from pathogens and fostering complex microbial communities
for their metabolic benefits. The tissues of the GIT are rich in
myeloid and lymphoid cells, many of which reside in organized
lymphoid tissues. The GALT is a key immunological system
estimated to comprise more immune cells than any other tissue
(45) with the associated structures forming a site to promote co-
localization of the many immune cell types required to initiate
and mediate immune function. Many of the organized GALT
structures are sites of immune induction (46, 47) providing
conditions necessary to induce appropriate immune responses
(e.g., immunoglobulin IgA production by plasma cells). There is
also considerable cellular traffic between different gut immune
structures and the systemic sites including the bone marrow
and spleen. Thus, the gut microbiota directs maturation of
the host immune system, by eliciting antigen-specific responses
which are taken up by resident dendritic cells. However, because
these microbes are non-invasive, resident phagocytes are not
fully activated but they stimulate a finely balanced response
inducing the production of IgA which controls host-commensal
interaction by both impacting commensal gene expression in
the lumen and preventing adhesion of commensal bacteria to
the epithelial surfaces. In the case of an infection or exposure
to any variant of stress. Klasing (48) suggested that an animal
susceptibility is dependent on its resistant and resilience capacity.
Resistance is described as the ability to limit pathogen burden
while resilience is the ability to limit the health impact caused
by a given pathogen burden by maintaining productivity (e.g.,
growth, feed efficiency, egg production). In this context, not only
do we need to be familiar with the mechanisms that are used to
kill pathogens and prevent infection, a systemic understanding
of how the body regulates the production, repair, and avoidance
of the damage accumulated during an infection becomes
imperative.
Defense against an infectious challenge requires a highly
orchestrated response by the immune system. This is especially
true for animals and birds that live in an environment with
high pathogen load. A specific response against infection by
potential pathogens, such as the production of antibodies against
a particular pathogen or ROS during an immune response
can be costly to the animal. By diverting the expenditures
of energy and resources to the immune system surveillance,
the overall performance of the bird is negatively affected.
However, increasing the resilience of the animal by intentional
manipulation through diet even before the occurrence of an
infection, will not only confer protection but will also be
advantageous in terms of productivity. Today, an interplay
between diet and modulation of the immune system is a major
topic of interest both in humans and livestock most of which
addresses the possible maintenance or enhancement of gut health
which has led to several practical applications.
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THE NEXUS BETWEEN NUTRITION AND
GASTROINTESTINAL HEALTH
Diet and lifestyle are crucial factors that influence the
susceptibility of humans to metabolic diseases. While this can
be somewhat true for livestock, the diets we provide to our
birds are geared toward meeting their nutritional needs without
compromising any of the desired production characteristics.
The question that arises is, is the requirement set to maximize
productivity in healthy birds optimal for immunocompetence
and disease resistance? Using dietary protein intake as an
example, at elevated temperatures, digestion and absorption
are altered, favoring protein catabolism, and subsequently a
reduction in protein synthesis and deposition (49). The ideal
amino acid balance under high temperature remains unclear as
several strategies have been invoked. Alleman and Leclerq (50)
reported that low protein diets (20 vs. 16 %) impaired broiler
performance at high temperature (32◦C) from 21 to 42 days
of age while Temim et al. (51) reported that high protein diets
(28 and 33 %) compared to low protein diets (20%) slightly
improved chick performance. Burkholder et al. (6) observed
changes in commensal intestinal microbial populations evident
by the attachment of Salmonella enteritidis to the ileal tissue,
which increased when birds were either fasted for 24 h or exposed
to high temperature (30◦C) compared to the controls on the same
diet.
The relationship between nutrition and immune competence
has been explored over the years and more importantly, how it
influences the overall health of the animal. Increasing evidence
emphasizes how the nutritional value of feed is influenced in part
by the structure and operations of the gut microbiome, and how
that feed, in turn, shapes the microbiota. Furthermore, the nexus
between nutrient metabolism and immune system as described
elegantly by Klasing (48) operates through several mechanisms.
These include the development of immune cells and tissues
necessary for synthesizing effector cells, proliferation of certain
pathogens by modifying the population of microorganisms
in the GIT, providing substrates for the production of cells
and molecules such as leukocytes that respond to infectious
challenges, indirectly activating the endocrine system, and
strengthening the intestinal epithelium against pathogenic
assault. Thus, assessing immunological parameters in relation to
nutritional status becomes paramount. As alluded to previously,
the limit of AGPs and other drugs in livestock farming drives the
need for an alternative approach to maximize productivity and
to control enteric pathogens and parasites previously contained
using AGPs and anticoccidia drugs in feeds. To maintain an
optimum gut health in our birds, it is important to take advantage
of the beneficial effect of consuming certain nutrients, beyond
what is normally supplied from the diet for optimal growth and
productivity. A good understanding of the aspect of gut and
immunity as they relate to themaintenance of a healthy GIT flora,
the modulation of the body’s natural defenses systems including
resistance to specific infection, improvement in diet formulation
strategies to promote efficient energy and nutrient utilization
is essential in order to enhance and maintain the integrity of
birds. Dietary strategies including the use of major nutrients like
carbohydrates, proteins (amino acids), lipids, as well as vitamins
and minerals, or feed additives such as feed enzymes, pro- and
pre-biotics, and antioxidants are known to play important roles
in nutritional immune responses.
Dietary Strategy
Energy and Protein
Malnutrition and infection aremajor obstacles to survival, health,
growth, and reproduction of animals and humans worldwide
(52, 53). This global concern has led to the development of
remarkable advances in immunology and nutrition in recent
decades to shed light on the effect of various nutrients on
specific GIT functions including immune response and how
they influence host resistance to infection. One of the major
causes of immunodeficiency globally has been attributed to
protein and energy malnutrition (52, 54). The provision of
diets to poultry that meets the requirements for energy and
nutrient in the era of sub-therapeutic use of AGPs has been fully
mastered. With partial to complete withdrawal of AGPs in the
diet of swine and poultry, the ensuing challenge is how would
this affect energy and nutrient utilization of poultry but more
importantly, how would the nutrient requirements of poultry
change in light of renewed insults on the GIT by bacteria
and intestinal parasites. The former could easily be addressed
while the later poses a huge challenge with the understanding
that different poultry feeding operation and different species or
strains of poultry experience unique challenges, and the age of
the animal may also influence the severity of this challenge.
Although, adequate levels of nutrients in the diets of animals play
important roles in maintaining an “optimal” immune response,
deficiencies, and in some cases, excessive intake, could have
negative consequences on the immune status and susceptibility
of the animals to a variety of pathogens. It has been shown that
the strongest determinant of the gut microbial profile is the host’s
diet (2–4). Factors such as diet composition, nutrient density,
diet physical characteristics, ingredients and diet processing
method (feed processing techniques), and type of feed additives
play significant roles in the dynamics of the GIT microflora.
From a nutritional viewpoint, substrates (e.g., amino acids,
energy, enzyme co-factors) are needed to support the clonal
proliferation of antigen-driven lymphocytes, the recruitment
of new monocytes and heterophils from bone marrow, the
synthesis of effector molecules (e.g., immunoglobulins, nitric
oxide, lysozyme, complement), and communication molecules
(e.g., eicosanoids, cytokines). Recent studies indicate that
dietary protein deficiency, which reduces the concentrations
of most amino acids in plasma (55) and compromises the
immune system, can suppress immune response by decreasing
lymphocyte number, overall leukocyte count, and splenic cell
proliferation stimulated with phytohemagglutinin-M (56–58).
Moreover, both immune systems (innate and adaptive systems)
are highly dependent upon an adequate availability of amino
acids for the synthesis of these proteins and polypeptides, as
well as other molecules with enormous biological importance
(59). These substances include nitric oxide (NO), superoxide,
hydrogen peroxide, histamine, glutathione, and anthranilic acid.
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For nutritional purposes, amino acids have been divided into
two groups; essential and non-essential dietary amino acids.
Essential amino acids are those that cannot be synthesized
endogenously, or at the rate that is sufficient tomeet physiological
needs (including maintenance, growth, and reproduction) of
the bird and must be supplemented in the diet. Non-essential
amino acids, on the other hand, are those that can be synthesized
endogenously from a non-amino acid source. Approximately
90% of diets for poultry in the U.S. is comprised of corn and
soybean meal. Because the cost of these key ingredients has
increased markedly in recent years, keen interest exists in feeding
reduced protein corn-soybean meal diets with an adequate level
of supplemental crystalline amino acids. It is to be noted that
metabolically, several of the amino acids defined as essential can
be synthesized from precursors that are structurally similar to
these amino acids. Amino acids are an important class of nutrient
that is needed for gut health and the ability of the bird to fight
infection. During immunological stress, a higher level of available
amino acids (needed for growth) is repartitioned to produce
cytokines (e.g., interleukin-1, interleukin-6, and tumor necrosis
factor-α) which alter the overall protein metabolism. Based on
this, a higher level of certain amino acids may be required in the
diet of birds that are raised under a relatively higher pathogen
load.
Individual amino acids affect immune responses either
directly or indirectly through their metabolites. The role of these
amino acids (glutamine, arginine, tryptophan, and cysteine)
on the integrity, growth, and development of the intestinal
epithelium, gene expression, cell signaling, antioxidative
responses, and their associated immune functions have been
investigated (8, 39, 55, 60). In particular, the role of glutamine,
arginine, tryptophan, and cysteine (39, 55, 60) has been reported.
Gao et al. (39) showed that in ovo feeding of arginine influenced
the development of lymphoid organs in broiler chicks while,
Tan et al. (8, 61) showed that L-arginine supplementation could
regulate the immune function in challenged birds. In addition
to this, Lee et al. (62) showed that arginine had a positive
effect on the chicken cellular response to infectious bronchitis
virus with its potential to function in the repair of damaged
intestinal epithelium cells by activating the mTOR pathway (63).
Glutamine, a precursor for several biosynthetic pathways, is
required for growth and cell division and a principal metabolic
fuel for enterocytes, lymphocytes, macrophages, and fibroblast
(64, 65). Classified as a non-essential amino acid, its requirement
may not be able to meet the optimum level for specific conditions
such as stress, infection, or injury that birds may be predisposed
to, due to extensive genetic selection (66). Dai et al. (67) reported
a significant improvement in weight gain and feed efficiency in
broiler chickens supplemented with glutamine. Improved meat
quality and humoral immune response in poultry associated
with better development of the intestinal mucosa have also
been observed (68). Supplementing glutamine in the diet may
be beneficial, not only in hyper-catabolic states but also in the
maintenance of optimal health and maximal rates of growth in
healthy animals (65). Glutamine is a good source of energy for
mesenteric lymph nodes lymphocytes (59, 69) and is essential for
the proliferation and function of lymphocytes (52). It enhances
phagocytic activity of macrophages, and the production of
cytokines and antibodies by T and B lymphocytes (59, 70), as
well improving the growth of chicks (68). Threonine is another
important amino acid that is abundant in the mucin that lines
the entire GIT. An adequate dietary level of threonine has been
shown to enhance intestinal integrity in poultry (4, 71).
In terms of quality of the different feed ingredients, it has
been reported that animal protein sources, such as meat and
bone meal, has the potential to enhance the proliferation of
the bad bugs such as Clostridium perfringens, as a result of
its high collagen and elastin contents that are resistant to
endogenously secreted digestive enzymes in swine and poultry
(72–74). Additionally, the nature of the starch crystallinity
could delay amylase action on carbohydrate recovery (75–78).
Proper selection coupled with an optimal level of inclusion in
the diet is essential. Cereal (corn, wheat, sorghum, etc.), and
legumes (soybean meal and canola meal) make up more than
80% of the diets given to poultry, all of which contain non-
starch polysaccharides (NSP). Depending on the composition of
the diet and the inclusion level, poultry, in general, lacks the
ability to effectively break down the NSP in the midgut due
to the shortage or the absence of substrate-specific endogenous
enzymes capable of the breaking downNSPs, hence they exhibit a
decreased nutrient digestion and absorption. An estimated 400–
450 kcal of digestible energy per kg of feed remains undigested
by broilers because of the NSP content present in corn-SBM
diets (79). Hence, the use of NSP enzymes (carbohydrases)
have been explored to ensure breakdown, degradation, and
utilization of most of the components in corn and SBM to
attain ideal performance and profit from these diets. This also
minimizes the quantity of undigested NSP that reaches the
hindgut, hence reduces the proliferation of harmful bacteria.
High levels of NSP in these diets can also predispose the chickens
to necrotic enteritis, a disease that has become prevalent with
the removal of AGPs. The primary challenge is to minimize
the exposure of birds to potentially damaging bugs as well
as the insults arising from such a challenge on intestinal and
mucosal integrity. This becomes paramount because, an increase
in intestinal inflammation and ROS level, and a reduction
in intestinal membrane integrity through a reduction in tight
junction functionality is one of the signs of gastrointestinal
infection in non-ruminant animals (8, 78, 80). The composition
of the feed given to poultry is important. Diets that are deficient
(quantitatively and qualitatively) in energy and nutrient have
the tendency to limit the ability of the bird to be able to react
accordingly to any developing insult in its GIT. Because of
the tendency of the bird to reduce feed intake as a result of
intestinal infection and inflammation, it may be necessary to
increase the density of certain nutrients to equip the bird against
any challenge (8, 81). Similarly, to minimize productive and
economic losses as well as improving livestock welfare in the era
of no AGP in the diets of non-ruminant animals, it is essential
to look for a solution that is effective but also acceptable to
the consumers. Based on consumer demand, the way to address
this challenge may be the use of natural or organic products.
Therefore, close attention should be placed on the quality of
the different feed ingredients that goes into the diets of poultry.
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For example, feeding a highly digestible diet has an advantage
over diets that contain relatively higher indigestible components
such as NSP or resistant starch. The higher the quantity of
the undigested portion of the diets that reaches the hindgut,
the higher the probability of such promoting the growth of
microbiota that may be potentially harmful to the integrity of the
GIT of the bird. Early feeding is another dietary andmanagement
approach that can enhance and strengthen intestinal integrity.
It has been suggested that the sooner the birds are exposed to
nutrient-rich diet the better the development of the GITmucosal.
Thus, it is important to adequately provide the much-needed
nutrients to birds especially during the transition period from in
ovo nutrient utilization from the yolk to their gradual reliance on
nutrients from the diet (82). What happens during this transition
period could be critical to the health and integrity of the GIT
of the bird later in life. The advantage of the in ovo feeding of
the developing embryo during the late incubation stage could be
taken.
Micronutrients and Feed Additives
In a different capacity, adequate levels of vitamins and minerals
are essential for the birds to efficiently utilize dietary nutrients,
post-absorption, for growth, health, reproduction, and survival.
Most vitamins cannot be synthesized by poultry in sufficient
amounts to meet physiological demands, hence must be obtained
from the diet. Vitamins are present in many feedstuffs in
minute quantities and can be absorbed from the diet during the
digestive process. In general, chronically severe deficiencies of
these micronutrients are more debilitating to the development
of the immune system than macronutrients such as energy
and protein. Nutrient deficiencies that are especially damaging
to the development of the immune system include linoleic
acid, vitamin A, iron, selenium, and several of the B-vitamins.
Adequate levels of dietary selenium, nucleotides, long-chain
polyunsaturated fatty acids, and vitamins A, C, and E in
modulating the host defense against infectious pathogens have
been reported (52). Vitamin A deficiency (83, 84) and excess
(84, 85) have been shown to depress immune responses in
chicks. Most research suggests that vitamin A deficiency is
associated with reduced cellular immune responses whereas
vitamin A excess impairs antibody responses. Vitamin E is
primarily known for its role as an antioxidant in reducing cellular
free radical damage, but its deficiency could lead to a reduction
in immune responses (86). Male broilers fed diets varying in
DL-α-tocopherol acetate from 0 to 87 mg/kg of diet exhibited
altered thymic and splenic T cell populations indicating that
more helper T cells (CD4) were present with increased dietary
vitamin E and thus improved responsiveness to immunologic
stimuli (87). Growth performance and immunity as affected
by drinking water fortified with vitamins and electrolytes were
evaluated in heat stressed broilers (88). The addition of B-
vitamins, fat-soluble vitamins (A, D, and E), and electrolytes
to drinking water improved aspects of antibody production to
the serum red blood cell (SRBC) over that of control birds,
and reduced broiler mortality from the heat stress. The trace
minerals that have been associated with an improvement in
immunity, or functions that support immunity, are Zn, Mn,
Cu, and Se. Dietary Se interacts with vitamin E in antioxidant
protection of cells because it is a component of glutathione
peroxidase. Dietary Se intake increases TCR signal strength
through mechanisms that involve free thiol concentrations. In
addition to antioxidant status, Se has been shown to impact
disease resistance. For example, broilers infected with E. tenella
had improved resistance (i.e., reduced mortality and cecal
lesions) when supplemented with Se (89). The immune system is
dependent on the functions of cellular metabolism with Zn being
central in cellular metabolism and functions both structurally
and catalytically in important biochemical pathways. It has
been hypothesized that the antimicrobial effect of Zn leads to
growth promotion where gut microbiota is altered to reduce
fermentation loss of nutrients and to suppress gut pathogens
(90). Similarly, other evidence suggests that pathogens can
have a competitive advantage over the commensal microbiota
under Zn-limiting conditions, thereby being promoted under
an inflamed state (91). Recently, it was shown (91) that Zn
competition exists in C. jejuni and other bacterial species in the
host microbiota of conventionally-raised vs. germ-free broiler
chickens (Gallus gallus). Under conditions of Zn deficiency,
preferential growth of bacteria able to survive at low-Zn levels
might ensue. Furthermore, many recent studies have shown that
prophylactic doses of Zn (as Zn oxide, ZnO) in various animal
models increased the presence of Gram-negative facultative
anaerobic bacterial groups, the colonic concentration of short
chain fatty acids (SCFAs), as well as overall species richness
and diversity. Adequate levels of Zn supplementation (between
50 and 70 mg/kg) in poultry diet have been shown to reduce
the production and minimize the impact of oxidative damage
in the intestine of broilers under intestinal stress (38, 40).
This demonstrates the need for nutrient-directed management
practices to reduce the effect of pathogens on the GIT of poultry
(52). The level and nature of micronutrients in the diet given to
poultry could be used to control the population and diversity of
hindgut microbiota.
Furthermore, about 80% of the feed ingredients in poultry
diets is plant-based, hence the use of exogenous enzymes
such as phytase, which liberates phytate- and phytic-acid
bound phosphorus (and other nutrients as a result of extra
phosphoric effects), protease to enhance protein digestion, and
carbohydrases for NSP breakdown is essential (92). One of the
ways through which the NSP-digesting enzymes function is by
reducing digesta viscosity which subsequently allows digestive
enzymes to gain better access to the digesta and hence, increase
nutrient and energy digestibility and absorption. Secondly, the
passage rate of the digesta is slowed down allowing for sufficient
time for digestion and absorption to take place. Carbohydrase
enzymes indirectly could enhance GIT health by reducing the
wetness of litter which could result in a reduction in the buildup
of pathogenic organisms in the litter. The combination of these
actions will lead to a reduction in the quantity and quality of
nutrient and energy that reach the hindgut thereby denying
pathogenic organisms the needed nutritional support needed for
proliferation (78, 93). By supplementing the diet with enzymes,
Jia et al. (94) observed an improvement in growth performance
as well as a reduction in the negative effect of Clostridium
perfringens on birds’ performance. Their rationale was that NSP-
degrading enzymes might reduce microbial activity because of
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substrate limitation in the ileum. Further evidence of their
beneficial effect is the ability of NSP, through depolymerization,
to generate galacto-, gluco-, or manno-oligomers, which can
serve as prebiotics stimulating the growth and activity of lactic
acid bacteria (95, 96). Another component of the diet of
swine and poultry is the phytin which has been implicated
in poor phosphorus digestibility in poultry. However, it has
been reported that the breakdown of this structure in the
gizzard could result in the formation of phytic acid that is
negatively charged and could interfere with protein digestion
[poor protein digestion (97–99)] in the diet which eventually
becomes a rich source of nutrients to the microbiome in the
hindgut. Although pro- and pre-biotics have been shown in
some cases to show some potentials as alternatives to AGP,
the lack of consistency in published data complicates this
promise. Additionally, some of the inconsistencies or lack of
significant effects could be explained, in part, by the nature
of experimental design (appropriate design, and an adequate
number of replicates), the age of the birds, and the availability
of sufficient substrates for the enzymes.
In most cases, the inclusion of feed additives in poultry diets
has resulted in improved feed intake and growth performance
with a resultant improvement in feed efficiency. With the ban
on AGP, phytogenics (a relatively new group of feed additives),
have the potential to be embraced by the consumers as an
alternative to AGP. Unlike drugs, these products are looked at
as being of a natural origin. For more than a century, it has
been recognized that certain plants, especially their secondary
metabolites, have medicinal properties and have been used
both in human and animal medicine with some products
displaying antioxidative properties as well as other beneficial
effects on the GIT (100–103). This group of compounds is
large, and this makes their classification quite challenging and
variable. Windisch and Kroismayr (37) have attempted to classify
these plant products into four broad categories. These groups
include herbs, botanicals, essential oils, and oleoresins. Herbs are
produced from flowering and non-woody plants while botanicals
are produced from roots, leaves, and bark of entire or processed
plants (37). Essential oils, which is one of the most common
group from this classification, are produced from hydro-distilled
extracts of volatile plant compounds while oleoresins are extracts
from non-aqueous solvents. Despite the potentials that these
products possess, there is still a significant issue with purity,
adequate description, and established dosage levels. Most of the
available phytogenics have been shown in in vitro studies to
possess antimicrobial and growth promoting effects, as well as
being able to enhance the digestive process (103, 104).
LOOKING FORWARD
Efforts should be placed on developing an alternative to AGP as
well as materials for the control of intestinal parasites (worms
and Eimeria sp.) that are acceptable to the consumers, in this
case, “natural product.” The process of evaluating any alternative
products must be cognizant of the welfare of the birds and the
concerns of the consumers. With increasing number of birds
raised on pasture, coupled with an increase in the level of
interaction between birds (e.g., battery cage vs. aviary systems;
intensive vs. semi-intensive production systems), there is the
need to redefine biosecurity to take into account the latest
development in how birds are currently being raised. In order
to fully evaluate any product (e.g., as an alternative to APG), a
lot of efforts must be placed on the design, the health status of
the animals, and the products (type, dose, parameters to measure,
and when such samples are to be collected).
METHODOLOGICAL CONSIDERATIONS
In order to effectively evaluate the efficacy of a product such as
an alternative to AGP, it is essential to create an environment
in which the birds can respond to the treatments. For instance,
AGP will not be as efficacious in a healthy bird that is raised in
a clean or new poultry barn compared to a bird that is raised
under conditions that naturally will predispose it to a certain type
of stress or infection, in this case, intestinal stress, or infection.
In order to achieve this, birds must be subjected to a certain
level of intestinal stress and challenge. Moreover, the design of
the study must include a positive control that is unchallenged as
well as a challenged positive control+AGP. Furthermore, there
should be a negative control (challenged without AGP) and the
negative control treatment (diet) to which the product that is
being evaluated would be added. Contamination of any kind
(feed, bird, water, litter, cages, etc.) should be avoided and efforts
must be made to determine, quantitatively, the concentration (or
activity level) of the product that is being evaluated. Furthermore,
it is essential to make sure that the positive and negative
control diets are similar in energy and nutrient composition
as much as possible in order to make sure that we do not
inadvertently create different intestinal microbiota as a result of
slight differences in the composition of the experimental diets.
The tendency for the challenged birds to consume less feed
has been widely reported; hence, depending on the study, it
may be important to pair-feed the birds to the feed intake level
similar to that of birds on the negative control diet (usually
the treatment in which the birds consume the least amount of
feed). This will control the feed intake and the quantity of the
test product(s) that birds across all the treatments will consume.
If this is carefully done, any interpretation of significant effect
could be strongly attributed specifically to the test material. It is
understandable that birds could be different from one location to
the other; however, it is essential to include in the report as much
information as possible. This would allow the reader to draw
his or her own conclusion based on the information provided.
Information such as the age of the bird, species or strain of the
bird, gender, genetics, vaccination program, medication program
(if used), room temperature and humidity, mortality, and
morbidity should be provided. Proper experimental design with
an adequate number of replications is essential for data analysis
and interpretation. Finally, as the volume of research in the area
of gut health in poultry and swine in response to withdrawal of
AGP increases, it may be essential for researchers to develop some
important biomarker of gastrointestinal functionality against
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which results from these studies may be standardized. Similar
steps have been taken by nutritionists in the area of standardized
ileal amino acid digestibility. According to Celi et al. (105),
parameters to be measured to access the proper functioning of
the gut should include, diet, effective digestion and absorption
biomarkers, microbiota community, effective immune status,
gut mucosa, and neuroendocrine and motor function of
the gut. In line with these parameters, the development of
biomarkers of gut health is imperative to gain clarity of
understanding the pathophysiological events that influence the
intestinal barrier, its functionality and the ecology of the GIT
microbiota. Biomolecular monitoring of the GIT could offer
rapid but precise disease detection and management mechanism
by providing non-invasive strategies to define potential pathways
behind the pathogenesis of diseases. Furthermore, this can
assist in the assessment and diagnosis of various gastrointestinal
conditions.
SUMMARY
Maintaining a healthy gut in our birds would continue to be a
challenge for the foreseeable future. This will not be as a result of
our inability to come up with products that will, to a reasonable
extent, be able to fill in the gap left with the withdrawal of AGP,
but rather coming up with a product that the consumers will
readily accept. Based on the current trend, this product must
be a “natural” product. If this trend continues, our ability to be
able to accurately identify and extract products that are able to
protect and enhance the development of the “good bug” and
eliminate the “bad bug” will be crucial. To maintain the integrity
of the GITmay require more than one product but a combination
of products that could exhibit both pro- and pre-biotic effects
on the GIT. Furthermore, future poultry breeding and selection
program should include genes responsible for the bird’s ability to
resist an infection as well as the ability of the bird to be resilient
in the face of high pathogen load. It is a common observation
that with a group of birds that are fed the same diet, raised in the
same space, and subjected to the same environmental conditions
(similar level of stress, physical or biological), a few of these
birds are able to completely resist an infection, some are able to
cope with the infection (resilient), while others easily succumb to
the infection. Evidently, in addition to the economic traits, the
selection criteria should include those genes that make some of
these birds resistant or resilient to gastrointestinal challenge. This
means a holistic approach through novel strategies is necessary to
minimize the impact of these stressors on poultry GIT health.
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